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Abstract 

Numerous studies have reported that inflammatory cytokines are important mediators for osteoclastogenesis, thereby 
causing excessive bone resorption and osteoporosis. Acteoside, the main active compound of Rehmannia glutinosa, which is 
used widely in traditional Oriental medicine, has anti-inflammatory and antioxidant potentials. In this study, we found that 
acteoside markedly inhibited osteoclast differentiation and formation from bone marrow macrophages (BMMs) and 
RAW264.7 macrophages stimulated by the receptor activator of nuclear factor-kappaB (NF-kB) ligand (RANKL). Acteoside 
pretreatment also prevented bone resorption by mature osteoclasts in a dose-dependent manner. Acteoside (10 uM) 
attenuated RANKL-stimulated activation of p38 kinase, extracellular signal-regulated kinases, and c-Jun N-terminal kinase, 
and also suppressed NF-kB activation by inhibiting phosphorylation of the p65 subunit and the inhibitor kBol In addition, 
RANKL-mediated increases in the expression of c-Fos and nuclear factor of activated T-cells, cytoplasmic 1 (NFATcl) and in 
the production of tumor necrosis factor-a, interleukin (IL)-1 p\ and IL-6 were apparently inhibited by acteoside pretreatment. 
Further, oral acteoside reduced ovariectomy-induced bone loss and inflammatory cytokine production to control levels. Our 
data suggest that acteoside inhibits osteoclast differentiation and maturation from osteoclastic precursors by suppressing 
RANKL-induced activation of mitogen-activated protein kinases and transcription factors such as NF-kB, c-Fos, and NFATcl. 
Collectively, these results suggest that acteoside may act as an anti-resorptive agent to reduce bone loss by blocking 
osteoclast activation. 
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Introduction 

Bone is constant remodeled by balanced osteoclast and 
osteoblast activity [1]. Osteoclasts arise from hematopoietic 
precursor cells of the monocyte/macrophage lineage, while 
osteoblasts are of the mesenchymal lineage [2]. Abnormal 
osteoclast activation or reduced osteoblastogenesis can disrupt 
bone homeostasis, eventually causing diseases such as osteoporosis, 
arthritis, and bone cancer [3,4]. Osteoporosis is a common bone 
disease that leads to an increased risk of fracture. The most 
common form of osteoporosis is caused by estrogen deficiency in 
menopausal females. Medications such as corticosteroids and anti- 
epileptics may also cause an imbalance between bone resorption 
and formation, which can result in osteoporosis [5]. 

Many anti-resorptive inhibitors including bisphosphonates, 
calcitonin, estrogen, and selective estrogen receptor modulators 
have been used to treat osteoporosis. These inhibitors maintain 
bone mass by inhibiting osteoclast function [6]. Estrogen 
replacement therapy is the most popular treatment to prevent 



and treat post-menopausal osteoporosis. However, long-term 
estrogen replacement therapy can increase the risk of endometrial 
and breast cancers. Therefore, many investigators have focused 
their efforts on developing a new anti-resorptive agent that does 
not have side effects [7-10]. Because osteoclasts function in bone 
resorption, specifically inhibiting osteoclasts has been considered 
the main target in numerous studies. 

Osteoclasts are multinucleated giant cells formed by mononu- 
clear progenitors of the monocyte /macrophage family via the 
sequential proliferation, differentiation, and fusion of hematopoi- 
etic precursor cells [11]. Macrophage colony stimulating factor 
(M-CSF) and receptor activator of nuclear factor (NF)-kB (RANK) 
ligand (RANKL) are essential factors for osteoclast differentiation 
[12]. In addition, several inflammatory cytokines, such as tumor 
necrosis factor (TNF) and interleukin (IL)-1(3, contribute to 
osteoclastogenesis by modulating the induction of RANKL, 
osteoprotegerin, and M-CSF [7,13]. RANKL binding to the cell 
surface RANK receptor, results in RANKL/RANK/TNFR 
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associated factors (TRAF) complexes that sequentially activate NF- 
kB and mitogen-activated protein kinases (MAPKs), including c- 
Jun N-terminal kinase (JNK), p38 kinase, and extracellular signal- 
related kinase (ERK) [14]. This activation plays a key role in 
mediating the osteoclast differentiation, activation, and survival. 
RANKL also activates the expression of transcription factors such 
as nuclear factor of activated T-cells, cytoplasmic 1 (NFATcl) and 
c-Fos, which are essential for osteoclast development [7,9]. 
Therefore, RANKL signaling is considered as the main target of 
anti-resorptive agents that suppress osteoclast activation and bone 
loss. 

Acteoside is the main active compound of Rehmamia glutinosa, 
which is used widely in traditional Oriental medicine [15,16]. 
Acteoside is a strong antioxidant and has anti-hepatotoxic, anti- 
inflammatory, and anti-nociceptive activities [17-20]. We previ- 
ously found that acteoside decreases tyrosinase activity and 
melanin biosynthesis by regulating ERK signaling [21], protects 
against reactive oxygen species (ROS)-mediated gingival damage 
[22], and suppresses mycotoxin-mediated cell damage [23]. These 
effects are closely related to acteoside's ability to remove ROS and 
regulate MAPK-mediated signaling. In particular, ROS are 
suggested to mediator RANKL-induced signaling pathways and 
cellular events in osteoclasts. Pretreatment with antioxidants 
inhibited RANKL-induced activation of NF-kB, ERK, and IkBcz, 
thereby suppressing osteoclastogenesis [24]. These findings 
strongly suggested that, in addition to anti-inflammatory activity, 
an antioxidant activity is crucial for an anti-resorptive agent, thus 
acteoside can suppress RANKL-induced osteoclastogenesis. 

In the present study, we explored whether acteoside has a 
therapeutic effect on bone loss. We examined the effects of 
acteoside on osteoclast differentiation and bone resorption and the 
related cellular mechanisms using in vitro and in vivo experimental 
systems. 

Materials and Methods 

Ethics Statement 

Animal care and use practices were approved by the Chonbuk 
National University Committee on Ethics in the Care and Use of 
Laboratory Animals (Permit No. CBU 2010-0007). All experi- 
ments in this study were carried out according to the guidelines of 
the Animal Care and Use Committee of the University. 

Mice, Chemicals, and Laboratory Wares 

Four-week old female ICR mice were purchased from Orient 
Bio Inc. (Seoul, Korea) and housed at 22±1°C and 55±5% 
humidity on a 1 2 h light/ dark cycle with free access to food and 
water. Acteoside (3,4-dihydroxy-fS-phenethyl-O-a-rhamnopyrano- 
syl-(l^-3)-4-0-caffeoyl-P-D-glucopyranoside; C 2 gH 36 Oi 5 ) (Fig. SI) 
was isolated from the leaves of Rehmamia glutinosa. Acteoside was 
dissolved in phosphate-buffered saline (PBS) before use. RANKL, 
TNF-a, IL-ip, IL-6, and M-CSF were purchased from R&D 
Systems (Minneapolis, MN, USA). Antibodies specific to c-Fos, 
p65, p-p65, p-ERK, ERK, JNK, p-JNK, NFATcl, IkBoc, p-lKBot, 
and P-actin were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Antibodies for p-p38 and p38 were purchased 
from Cell Signaling Technology (Denvers, MA, USA). Calcium 
Assay and Osteocalcin (OC) EIA Kits were purchased from 
BioAssay Systems (Hayward, CA, USA) and Biomedical Tech- 
nologies (Stoughton, MA, USA), respectively, to determine serum 
biochemical parameters. Mouse tartrate-resistant acid phospha- 
tase (TRAP) Assay kit (Immunodiagnostic Systems, Scottsdale, 
AZ, USA) was also used to measure serum TRAP5b level. Unless 
otherwise specified, additional chemicals were obtained from 



Sigma Chemical Co. (St. Louis, MO, USA), and laboratory wares 
were from SPL Life Sciences (Pochun, South Korea). 

Cell Cultures 

Bone marrow cells were obtained from the tibiae and femora of 
6 week-old female ICR mice according to methods described 
previously [25]. The bone marrow suspension was incubated in a 
100-mm culture dish in the presence of 50 ng/ml M-CSF. After 3 
days, adherent cells were used as bone marrow macrophages 
(BMMs) to induce osteoclastic differentiation. Some bone marrow 
cells were also incubated for 48 h without M-CSF, and adherent 
cells were cultured in osteoblast differentiating medium, as 
described elsewhere [25]. RAW264.7 macrophage cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 2 inM L- 
glutamine, and antibiotics. These cells were used as a counterpart 
cell line for BMMs to explore the effect of acteoside on 
osteoclastogenesis. 

Osteoclastic Differentiation and TRAP Staining 

BMMs were pretreated with various concentrations (0-50 |iM) 
of acteoside for 2 h before stimulating with 100 ng/ml RANKL. 
Culture media was replaced with fresh media on days 2 and 5. 
After 7 days of incubation, the cultures were fixed in 4% PBS- 
buffered para-formaldehyde and stained with TRAP using a 
Sigma Aldrich kit according to the manufacturer's instructions. 
TRAP-positive cells were counted using optic microscopy, and 
cells containing 3 or more nuclei were considered to be osteoclasts. 
RAW 264.7 cells were also exposed to 100 ng/ml RANKL after 
pretreatment with acteoside for 2 h, and after 7 days of 
incubation, the cells were processed for TRAP staining. 

Measurement of Cell Viability 

Cell viability was determined using water-soluble tetrazolium 
salt (WST)-8 reagent. In brief, BMMs or RAW264.7 cells cul- 
tured in a growth medium containing 10% FBS and antibiotics 
were treated with 10 |J,M acteoside or a phenolic compound 
such as quercetin, luteolin, apigenin, or epigallocatechin-3-gallate 
(EGCG). WST-8 reagent was added into the cultures after 48 h of 
incubation. After incubating for an additional 4 h, the WST-8- 
specific absorbance was measured at 450 nm using a microplate 
reader (Packard Instrument Co., Downers Grove, IL, USA). 

Bone Resorption Assay 

BMMs (1 xlO 5 cells/ml) were suspended in a-MEM containing 
50 ng/ml M-CSF and 100 ng/ml RANKL, then divided across a 
24-well plate coated with calcium-phosphate nano crystals 
(OAAS-24; Osteoclast Activity Assay Substrate, Oscotec Inc., 
Choongnam, South Korea) at a density of 2xl0 4 cells/cm 2 with 
and without acteoside. After incubating for 7 days, the cells were 
removed from the plates with 5% sodium hypochlorite, and pit 
formation was observed under an optic microscope. The resorbed 
area was also measured by image analyzer and expressed as 
percentage of the control value. 

Western Blot Analysis 

Whole protein lysates were prepared in a lysis buffer as 
described elsewhere [26]. Cytosolic and nuclear proteins were 
prepared as described previously [25] . Equal amounts of protein 
extract were separated by 12-15% SDS-PAGE and blotted onto 
poly vinyl difluoride membranes. The blots were probed with 
primary antibodies overnight at 4°C before incubation with 
secondary antibody in blocking buffer for 1 h. The blots were 
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Figure 1. Acteoside inhibits RANKL-induced osteoclast differentiation from both BMMs and RAW264.7 cells. BMMs were cultured for 
seven days in the presence of M-CSF (50 ng/ml) and RANKL (100 ng/ml) with increasing concentrations (0-20 uM) (A) or 5 |j.M acteoside (B). C and D, 
RAW264.7 cells were also exposed to the indicated acteoside concentrations in the presence of 100 ng/ml RANKL for seven days. After culturing, 
these cells were TRAP stained and the number of osteoclasts was counted. In the panels A and C, the results are expressed as a percentage of 
osteoclasts generated by M-CSF+RANKL (for BMMs) or RANKL alone (for RAW264.7 cells). Data are representative of three independent experiments 
(n = 4 per experiment). p<0.05, p<0.01, and p<0.001 vs. the cells cultured without acteoside. 
doi:1 0.1 371 /journal.pone.0080873.g001 



developed with enhanced chemiluminescence (Amersham Phar- 
macia Biotech Inc., Buckinghamshire, UK) and exposed on X-ray 
film (Eastman-Kodak Co., Rochester, NY, USA). 

MAPK Activity Assay 

Cells were pretreated with acteoside for 2 h and then stimulated 
with RANKL for an additional-30 min. MAPK activities were 
determined using immunometric assay kits, such as the p-p38 
kinase assay kit (Assay Designs, Inc., MI, USA), p-ERK enzyme 
assay kit (Assay Designs), and p-SAPK/JNK sandwich ELISA kit 
(Cell Signaling Technology, MA, USA). All procedures followed 
the manufacturer's instructions, and absorbance was measured by 
a microplate reader. 

Electrophoretic Mobility Shift Assay (EMSA) 

DNA-protein binding reactions were performed for 30 min at 
room temperature, with 10-15 (Xg protein in 20 ul buffer 
containing 1 |Xg/ml BSA, 0.5 M.g/|tl poly (dl-dC), 5% glycerol, 
1 mM DTT, 1 mM PMSF, 10 mM Tris-Cl (pH 7.5), 50 mM 
NaCl, 30,000 cpm of [ot- 32 P] dCTP-labeled oligonucleotides, and 
the Klenow fragment of DNA polymerase. The samples were 
separated on 6% polyacrylamide gels, which were dried and 
exposed to X-ray film (Eastman Kodak Co.) for 12-24 h at 
— 70°C. The oligonucleotide primer sequences specific for NF-kB 
were 5'-AAG GCC TGT OCT CCG GGA CTT TCC CTG 
GCC TGG A-3' and 3'-GGA CAC GAG GCC CTG AAA GGG 
ACC GGA CCT GGA A-5\ 

NF-kB Luciferase Assay 

RAW264.7 macrophages in 24-well plates were transfected with 
0.8 ug KB-luciferase reporter vector using 2 J_ll of Lipofectamine 



2000 (Invitrogen, Carlsbad, CA, USA) according to the manu- 
facturer's instructions. At 24 h after transfection, the cells were 
stimulated with RANKL in the presence and absence of acteoside 
for 24 h. Cells were resuspended in 100 jllI reporter lysis buffer 
(Promega, Madison, WI, USA). Equal amounts of protein samples 
were placed into 96-well microplates and mixed with luciferase 
substrate. Luminescence was measured by using a microplate 
luminometer (MicroLumat Plus LB 964, Berthold Technologies, 
Bad Wildbad, Germany). In this experiment, a permeable NF-kB 
inhibitor peptide (BIOMOL, Butler Pike, PA, USA) was used as 
positive kB inhibitor. 

Measurement of Cytokines 

BMMs or RAW264.7 cells were stimulated with RANKL in the 
presence of acteoside in 24-well culture plates. After 48 h of 
incubation, culture supernatants were collected and assessed by 
ELISA using TNF-a-, IL-lfj- and IL-6-specific OptEIA™ kits 
according to the manufacturer's instructions. 

Real-Time Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR) 

The mRNA expression of osteoclastic markers, such as c-Fos, 
NFATcl, and TNF-a, was determined by real-time RT-PCR. In 
brief, total RNA was extracted from macrophages with Trizol 
reagent according to the manufacturer's instructions (Invitrogen). 
cDNA was synthesized with 1 |0.g of total RNA using Superscript 
Reverse Transcripatase II and primers (Invitrogen). Power SYBR 
Green PCR Master Mix (Applied Biosystems, Foster City, CA, 
USA) was used to detect the accumulation of PCR product during 
cycling with the ABI 7500 sequence detection system (Applied 
Biosystems). After denaturation at 95°C for 10 min, PCR was 
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Measurement of Intracellular ROS 

A stock solution of 2',7 , -dichlorodihydrofluorescein-diacetate 
(DCFH-DA) (50 mM; Calbiochem, Darmstadt, Germany) was 
prepared in DMSO and stored at — 20°C in the dark. In brief, 
BMMs (10 6 cells/ml in 6-well plates) were cultured with 50 ng/ ml 
M-CSF for 24 h and then treated with various concentrations (0- 
10 uM) of acteoside 2 h before stimulation with 100 ng/ml 
RANKL. After 1 h of co-incubation, these cells were subsequendy 
incubated with 25 uM DCFH-DA for 30 min. The green 
fluorescence of 2',7'-dichlorofluorescein (DCF) was recorded at 
515 nm (FL 1) using a FACS Vantage® system (Becton-Dickinson, 
San Jose, CA, USA), and 10,000 events were counted per sample. 

Induction of Ovariectomy-lnduced Osteoporosis 

Female ICR mice (6 week-old) were used for this study. Mice 
received a sham operation (Sham, n= 10) or surgical ovariecto- 
mized (OVX, n = 20) under anesthesia. One week after surgery, 
the OVX mice were randomly divided into 2 groups of 10 mice 
each: bilateral OVX and bilateral OVX supplemented with 200 ul 
PBS containing 1 mM acteoside orally (AC group). Oral acteoside 
was administrated once every 3 days for 8 weeks after surgery, and 
the same amount of PBS was administered to the Sham and OVX 
groups. After 1 day of the last administration, mice were scarified 
and then biochemical parameters in serum and 3-dimensional 
bone structure were analyzed. 

Determination of Serum Biochemical Parameters 

Blood samples were collected via cardiac puncture and serum 
was collected by centrifugation. Serum samples were stored at 
— 80°C for analyses of biochemical parameters. The serum levels 
of IL- 1 (5 and IL-6 were estimated by using ELISA kit as described 
above, while alkaline phosphatase (ALP) activity was determined 
by using a biochemical colorimetric assay that measures the 
amount of ^-nitrophenol produced from a />-nitrophenol phos- 
phate substrate, as described elsewhere [27]. To estimate the 
biomarkers of bone formation and resorption, serum OC, calcium, 
and TRAP5b levels were also determined according to the 
manufacturers' instructions. 



Figure 2. Acteoside attenuates RANKL-induced osteoclast 
differentiation without cytotoxic effects. BMMs (A) or RAW264.7 
cells (C) were cultured for 7 days in the presence of 50 ng/ml M-CSF, 
100 ng/ml RANKL, or both with 10 |j,M of an anti-resorptive compound. 
TRAP staining was performed and the number of osteoclasts generated 
was calculated from 3 independent experiments (3 wells per condition 
were counted in each experiment). In addition, BMMs (B) and RAW264.7 
cells (D) were incubated with 10 uM of each compound for 48 h and 
cell viability was measured by using WST-8 regent (n = 5 per each 
experiment). E, The concentration of the compounds to inhibit 50% of 
osteoclast formation was calculated from triplicate experiments. 
*p<0.05 vs. acteoside. ***p<0.001 vs. controls cultured with M-CSF 
and/or RANKL only. # p<0.05, ## p<0.01, and ## *p<0.001 vs. cells 
cultured with acteoside. AC, acteoside; QC, quercetin; LU, luteolin; AP, 
apigenin; EG, EGCG. 
doi:1 0.1 371 /journal.pone.0080873.g002 

performed using forty 3-step cycles of denaturation at 95°C for 
15 sec, annealing at 60°C for 1 sec, and extension at 72°C for 
30 sec. All PGR reactions were performed at least in triplicate, and 
the expression levels were normalized to the housekeeping gene 
HPRT in the same reaction. This study used the same primer 
sequences described elsewhere [7]. 



Analyses of Bone Structure and Morphometric 
Parameters 

The femora of mice (Sham, OVX, and AC groups) were 
dissected and filled with physiological saline for mechanical testing. 
The mechanical strength of the femur was measured as described 
elsewhere [28]. The fracture load was recorded as the peak force 
in newtons at the point that the mid shaft of the right femur 
fractured. In addition, the light femur of each animal was 
histomorphometrically analyzed using a microcomputer tomogra- 
phy (micro-CT) system (SkyScan 1076 microfocus X-ray system, 
Kontich, Belgium). In brief, the bones in 4% formaldehyde 
storage were dried superficially on paper tissue before being 
wrapped in plastic "cling-film" or in parafilm, to prevent drying 
during scanning. Each plastic-wrapped bones were placed in 
plastic/polystyrene foam tubes which were mounted vertically in 
the horizontally in the 1076 scanner sample chamber for 
micro-CT imaging. Scanning was carried out using 100 kV 
source voltage and 140 |J,A source current with 35 |lm resolution. 
Three-dimensional models of the trabecular bones of femur were 
reconstructed using SkyScan CT Analyzer version 1.11. The 
structural parameters such as trabecular bone mineral density 
(BMD, g/cm 3 ), percent bone volume (bone volume (BV)/tissue 
volume (TV), %), thickness (Tb.Th, |Xm), separation (Tb.Sp, mm), 
and number (Tb.N, 1/mm) were then measured. 
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Figure 3. Acteoside prevents RANKL-induced pit formation in BMMs. A, BMMs were pretreated with the indicated doses of acteoside for 2 h 
in bone-coated 24-well plates and stimulated with 50 ng/ml M-CSF and 1 00 ng/ml RANKL for 7 days. Pit formation on the plate was observed under 
optic microscopy. B, BMMs were also cultured with M-CSF and RANKL in the presence of various acteoside concentrations (0-20 |jJVI), and 7 days later, 
the resorbed area was quantified from 3 independent experiments and expressed as a percentage of the control (n = 4 per experiment). C, BMMs 
were treated with 10 aM acteoside 4 days after M-CSF and RANKL stimulation and incubated for addition-3 days followed by the analyses for TRAP 
staining and pit formation. The results in panel D show osteoclast and pit formation in BMMs 4 and 7 days after the osteoclastogenic induction 
without supplementation of acteoside. *p<0.05, **p<0.01, and ***p<0.001 vs. cells cultured with M-CSF and RANKL. *p<0.05 indicates significant 
difference between the experiments. 
doi:1 0.1 371 /journal.pone.0080873.g003 



Osteogenic Differentiation and Mineralization Assay 

Bone marrow cells cultured in 6-well culture plates were treated 
with DAG (10 nM dexamethasone, 50 uM ascorbic acid, and 
20 mM P-glycerophosphate) in the presence of 10 U.M acteoside. 
After 2 weeks of differentiation, the cells were fixed with ice-cold 
70% (vol/vol) ethanol for 1 h and stained with 0.2% alizarin red S 
in distilled water for 30 min at room temperature. After the cells 
were destained and air-dried, the cell culture plates were evaluated 
by light microscopy using an inverted microscope (Nikon TS100, 
Japan). To quantify the amount of red dye, the stain was eluted 
with 10% acetylpyridinum chloride by shaking for 20 min and the 
absorbance was measured at 560 nm. The amount of calcium 
deposited in the cell layers was also measured using a Calcium C 
kit (Wako Chemical Inc. Osaka, Japan) according to the 
manufacturer's instructions. In addition, the expression of bone- 
specific mRNA markers, such as runt-related transcription factor-2 
(Runx2), osterix, bone sialoprotein (BSP), and OC was determined 
by real-time RT-PCR. Oligonucleotide primers of these markers 
were designed with product sizes less than 200 bp using Primer 
Express Software 3.0 (Applied Biosystems) as described elsewhere 
[27]. 

Statistical Analysis 

Unless otherwise indicated, all data are expressed as the mean 
± standard deviation (S.D.) of 3 or more independent experi- 
ments. A one-way ANOVA was used for multiple comparisons 
using SPSS version 12.0 software. Ap value <0.05 was considered 
statistically significant. 



Results 

Acteoside Inhibits Osteoclast Formation by Macrophages 
in a Dose-Dependent Manner 

To verify the effect of acteoside on BMM differentiation into 
osteoclasts, the cells were cultured with various concentrations (0- 
20 uM) of acteoside for 7 days in the presence of 50 ng/ ml M- 
CSF and 100 ng/ml RANKL. Acteoside reduced the number of 
osteoclasts in a dose-dependent manner. When the cells were 
pretreated with 10 uM acteoside for 2 h, the osteoclast number 
decreased by 43% compared to cells supplemented with M-CSF 
and RANKL (Fig. 1A). Fig. IB shows the RANKL-mediated 
osteoclast differentiation and its inhibition by combined treatment 
with acteoside. Consistent with this result, acteoside pretreatment 
decreased the RANKL-stimulated differentiation of RAW264.7 
cells and osteoclast formation (Figs. 1C and D). When the anti- 
osteoclastic potential of acteoside on BMMs was compared with 
the anti-osteoclast potentials of several phenolic compounds at the 
same concentration (10 |jM), luteolin showed the highest activity 
(Fig. 2A). However, luteolin, quercetin, or apigenin itself decreased 
viability of the cells (Fig. 2B). All the compounds inhibited 
osteoclastic differentiation by RAW264.7 macrophages with the 
following relative activities: luteolin > quercetin = apigenin > 
EGCG = acteoside (Fig. 2C). Luteolin, quercetin, or apigenin 
itself also showed the decreased viability of the cells (Fig. 2D). In 
contrast, quercetin treatment only caused a significant reduction of 
viability in both BMMs and RAW264.7 cells, when these cells 
were exposed to 1 0 uM of each compound for 2 days with 50 ng/ 
ml M-CSF, 100 ng/ml RANKL or both (data not shown). When 
the concentration of these compounds required to inhibit 50% of 
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Figure 4. Acteoside inhibits RANKL-induced MAPK activation in both BMMs and RAW264.7 cells. BMMs (A) and RAW264.7 cells (B) were 
pretreated with the increasing doses (0-10 |jJVI) of acteoside for 2 h followed by stimulation with 50 ng/ml M-CSF, 100 ng/ml RANKL, or both for 
30 min. The phosphorylation of p38, ERK, and JNK was determined by immunoblot analysis using specific antibodies. The representative results from 
triplicate experiments are shown. C, Cells were stimulated with RANKL in the presence of acteoside and an immunometric assay was used to 
determine MAPK activities. The results were calculated from 3 independent experiments and are expressed as ng/ml (for p-p38 and p-ERK) or optical 
density (OD) at 450 nm (for p-JNK) normalized to control values (n = 4 per experiment). *p<0.05, **p<0.01, and ***p<0.001 vs. cells stimulated with 
RANKL. 

doi:1 0.1 371 /journal.pone.0080873.g004 
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Figure 5. Acteoside suppresses NF-kB-DNA binding and phosphorylation of IkBo and the p65 subunit in RANKL-stimulated 
macrophages. BMMs and RAW264.7 cells were pretreated with the indicated doses of acteoside for 2 h and stimulated with 100 ng/ml RANKL for 
30 min. A, NF-kB-DNA binding activity was determined and a representative result from triplicate experiments is shown. The phosphorylation of p65 
and kBa from BMMs (B) and RAW264.7 cells (C) was analyzed by immunoblotting. D, RAW264.7 cells were stimulated with 100 ng/ml RANKL for 24 h 
in the presence of 1 or 10 |iM acteoside, and luciferase activity was measured. The result was calculated from 3 independent experiments and is 
expressed as a percentage of the control activity (n = 4 per experiment). ***p<0.001 vs. cells without RANKL or acteoside. *p<0.05 and ## *p<0.001 
vs. cells stimulated with RANKL alone. An NF-kB inhibitor peptide was used as a positive control. 
doi:1 0.1 371 /journal.pone.0080873.g005 
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Figure 6. Acteoside attenuates inflammatory cytokine produc- 
tion and expression of c-Fos and NFATcl in RANKL-stimulated 
macrophages. A, BMMs were pretreated with increasing concentra- 
tions (0-10 |aM) of acteoside for 2 h followed by stimulation with 
50 ng/ml M-CSF and 1 00 ng/ml RANKL for 48 h. The levels of TNF-a, IL- 
1 (3, and IL-6 were determined using ELISA kits. BMMs (B) and RAW264.7 
cells were also stimulated with 100 ng/ml RANKL in the presence of 
acteoside for 24 h and subjected to real-time RT-PCR analysis. In panels 
A, B, and C, the results were calculated from 3 independent 
experiments and are expressed as pg/ml or mRNA levels relative to 
the control (n = 4 per experiment). p<0.05, p<0.01, and p<0.001 
vs. cells without RANKL and acteoside. #p<0.05, ## p<0.01, and 
# # # p<0.001 vs. cells stimulated with RANKL. D, BMMs were pretreated 
with 10 \iM acteoside for 2 h and stimulated with 100 ng/ml RANKL. At 
the indicated times (0-48 h after RANKL stimulation), c-Fos and NFATd 
protein levels were determined by Western blotting. 
doi:10.1371/journal.pone.0080873.g006 

osteoclast formation in BMMs (IC 5 o) was calculated using 
concentration-activity curves, the IC 50 of acteoside, quercetin, 
luteolin, apigenin, and EGCG was 5.1, 2.3, 2.6, 4.8 and 6.6 uM, 
respectively (Fig. 2E). This result was similar to the case that 
RAW264.7 macrophages were examined. These data suggested 
that luteolin and quercetin had anti-clastogenic activities higher 
than acteoside. In contrast, quercetin at the IC 5 o also had a mild 
toxic effect on the cells (data not shown). 



Acteoside Inhibits Bone Resorption by Macrophages 

Acteoside also prevented RANKL-mediated bone resorption in 
a dose-dependent manner, as measured by an in vitro model system 
(Fig. 3A). Bone resorption was significantly inhibited when BMMs 
were incubated with 1 uM acteoside (Fig. 3B). A 10 |lM acteoside 
treatment almost completely attenuated RANKL-induced pit 
formation by BMMs. Similarly, acteoside decreased bone resorp- 
tion in RANKL-stimulated RAW264.7 cells (Figs. S2A and B). 
The ability of acteoside to inhibit bone resorption depended on the 
timing of the treatment relative to RANKL stimulation. Acteoside 
(10 uM) added 4 days after RANKL stimulation did not reduce pit 
formation in BMMs, whereas it suppressed the number of 
osteoclasts formed (Fig. 3C). This different result was in part due 
to the pit area already formed after 4 days of RANKL stimulation 
formation (Fig. 3D). 

Acteoside Down-Regulates Early RANKL Signaling 
Pathways 

RANKL induces the activation of 3 well-known MAPKs and 
NF-kB in osteoclast precursors, and this activation is required for 
early osteoclast differentiation. To understand the possible 
mechanisms by which acteoside inhibits osteoclastogenesis, we 
investigated the effect of acteoside on MAPKs and NF-kB 
activation in macrophages. BMMs and RAW264.7 cells were 
pretreated with 10 uM acteoside for 2 h and then stimulated with 
100 ng/ml RANKL for 30 min. MAPK phosphorylation was 
examined by Western blotting and immunometric analysis. 
RANKL induced phosphorylation of p38, ERK, and JNK in 
BMMs (Fig. 4A) and RAW264.7 cells (Fig. 4B). Acteoside 
prevented these RANKL-induced increases in p-p38, p-ERK, 
and p-JNK. This result was supported by immunometric analysis, 
which that pretreatment with 10 uM acteoside significandy 
inhibited the levels of phosphorylated MAPKs in these macro- 
phages (Fig. 4C). RANKL treatment increased the DNA-binding 
of NF-kB, whereas acteoside inhibited RANKL-induced activa- 
tion of NF-kB-DNA binding (Fig. 5A). This inhibition was more 
prominent in BMMs than in RAW264.7 cells. Acteoside also 
diminished RANKL-stimulated p65 and IkBch phosphorylation in 
BMMs and RAW264.7 cells (Figs. 5B and C). Adding 10 uM 
acteoside almost completely inhibited both the degradation and 
activation of IkBcz in BMMs (Fig. 5B). To further confirm that NF- 
kB activation is involved in the action of acteoside, kB promoter- 
luciferase constructs were transiently transfected into RAW264.7 
cells. The cells incubated with 100 ng/ml RANKL had 3-fold 
higher kB promoter activity, which was significantly attenuated by 
10 uM acteoside (Fig. 5D). 

Acteoside Suppresses the Production of Inflammatory 
Cytokines and the Expression of TNF-a, c-Fos and NFATd 
in RANKL-Stimulated Macrophages 

TNF-a, IL-lfi, and IL-6 are important in osteoclast forma- 
tion and function, which is mediated by NF-kB signaling in 
RANKL-stimulated macrophages. RANKL stimulated the pro- 
duction of these cytokines, and this production was markedly 
reduced by 10 |xM acteoside pretreatment in BMMs (Fig. 6A). 
Similarly, acteoside attenuated the RANKL-induced production 
of cytokines, except IL-6, in RAW264.7 macrophages (Fig. S3). To 
understand the molecular mechanisms of acteoside action in 
osteoclastogenesis, we further examined the effect of acteoside on 
TNF-a, c-Fos, and NFATcl expression. RANKL up-regulated the 
mRNA expression of these factors in BMMs and RAW264.7 cells 
(Figs. 6B and C). Pretreatment with 10 |jM acteoside significandy 
inhibited the RANKL-induced expression of these factors in both 
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Figure 7. Acteoside inhibits RANKL-mediated ROS production on osteoclast differentiation in BMMs. The cells were incubated with 
50 ng/ml M-CSF for 24 h and then stimulated with 100 ng/ml RANKL for 1 h in the presence and absence of the indicated concentrations of 
acteoside. A, Cellular ROS were determined using flow cytometric analysis. B, DCF intensity was also calculated using WinMDI 2.9 program (n = 3). 
*p<0.05 and **p<0.01 vs. cells stimulated with M-CSF/RANKL. 
doi:1 0.1 371 /journal.pone.0080873.g007 



BMMs and RAW264.7 cells. Acteoside pretreatment also strongly 
reduced the protein levels of c-Fos and NFATcl in RANKL- 
stimulated BMMs (Fig. 6D). These results suggest that acteoside 
down-regulates RANKL inducing mediators of osteoclast forma- 
tion at the gene and protein levels. 

Acteoside Diminishes Intracellular ROS Generation in 
BMMs in a Dose-Dependent Manner 

Since it is known that intracellular ROS production is 
correlated with RANKL-stimulated osteoclastogenesis, we 
investigated whether acteoside inhibits ROS production 
during RANKL-mediated osteoclast differentiation using a 
cell-permeable, oxidation-sensitive dye, DCFH-DA. Flow cytom- 
etry analysis showed that the mean fluorescence signal specific to 
DCF in BMMs was apparently right-shifted after stimulation with 
RANKL, compared to the un-treated control cells (Fig. 7A). This 
shift was similar to the case that RAW264.7 macrophages were 
observed after RANKL stimulation (data not shown). Treating 
BMMs with acteoside reduced the signal intensity of the DCF in a 
dose-dependent manner. Pretreatment with 10 uM acteoside 
almost completely reduced the levels of intracellular ROS 
produced during osteoclast differentiation to the un-treated 
control levels (Fig. 7B). 

Oral Acteoside Administration Inhibits Alteration of 
Osteoporotic Biochemical Markers and Bone Loss in 
Ovariectomized Mice 

To explore the effect of acteoside on bone loss, we prepared an 
osteoporotic animal model by ovariectomy. There was no 
significant difference of body weight between OVX and Sham 
mice during the experimental period (data not shown). The OVX 
group had significant higher serum levels of IL- 1 (3 and IL-6 than 
the Sham group (Fig. 8). Ovariectomy-induced increases in these 



inflammatory cytokines were attenuated by oral acteoside admin- 
istration (AC group). The serum levels of bone turnover markers 
such as ALP, calcium, TRAP5b, and OC were significantly 
increased in OVX group. Of these osteoporotic markers, the 
increased levels of calcium, TRAP5b, and OC in OVX mice were 
apparently inhibited by acteoside treatment, whereas serum level 
of ALP was not changed by the treatment. The average maximum 
fracture load to the middle of the right femoral shaft was 
significantly lower in the OVX group than in the Sham group 
(Fig. 9A). Acteoside treatment raised the maximum fracture back 
up to that of the Sham group. When the cortical bone of the femur 
was dissected and observed by optic microscopy, the osteoporotic 
features shown in OVX group had almost completely disappeared 
in AC mice (Fig. 9B). To verify the effect of acteoside on OVX- 
induced osteoporosis model, BMD and bone morphologic 
parameters in trabecular of the light proximal femur were 
analyzed by micro-CT. As shown in Fig. 9C, an alteration of 
the femoral trabecular architecture was found in OVX mice, 
whereas this change was diminished by treatment with acteoside. 
The results from micro-CT analysis revealed that BMD, a 
measure of bone strength, was dramatically reduced in OVX 
mice (Fig. 9D). Compared to Sham group, OVX mice also showed 
significant changes in BV/TV, Tb.Sp, and Tb.N, but not in 
Tb.Th. Oral acteoside treatment of OVX mice significantly 
prevented the alteration in BMD as well as BV/TV and Tb.N. 

Acteoside does not Affect Osteoblastogenesis in Bone 
Marrow Cells 

The role of acteoside on osteoblastic differentiation was further 
investigated using bone marrow cells. As shown in Fig. 10A, DAG 
treatment increased the number of alizarin red-stained cells and 
this was not changed by 10 |jM acteoside pretreatment. The 
amount of dye present indicated that the combined acteoside and 
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Figure 8. Oral administration attenuates the increases in serum 
biomarkers of bone turnover in ovariectomized animals. 

Female ICR mice were ovariectomized (OVX) or given a sham operation 
(Sham). OVX mice were orally supplemented with 200 PBS containing 
1 mM acteoside (AC mice) for 8 weeks and Sham and OVX mice were 
given the same volume of PBS for the same period. The serum levels of 
IL-6, IL-1 p, ALP, calcium, TRAP, and OC were determined. Data are 
presented as mean ± SD (n = 8-10 mice/group). *p<0.05, **p<0.01, and 
"*p <0 - 001 vs - sham group. # p<0.05 vs. OVX group. 
doi:1 0.1 371 /journal.pone.0080873.g008 



DAG treatment did not change mineralization (Fig. 10B). 
Similarly, DAG-induced increases in the intracellular calcium 
content (Fig. 10C) and mRNA levels (Fig. 10D) of bone specific 
markers, such as Runx2, osterix, BSP, and OC, were not affected 
by pretreatment with acteoside. 

Discussion 

Bone remodeling is tightly regulated by the balance between 
bone formation by osteoblasts and bone resorption by osteoclasts. 
Prolonged and excessive bone resorption causes imbalance of 
skeletal turnover, resulting in bone-resorptive diseases. To explore 
the effects of acteoside on osteoclastogenesis, we used two 
macrophages, primary cultured BMMs and RAW264.7 cells. 
These cells were stimulated with RANKL to differentiate into 
osteoclasts in the presence and absence of acteoside. We showed 
for the first time that acteoside inhibits osteoclast differentiation 
and formation. Acteoside itself at the concentrations examined did 
not cause a decrease of viability of the primary cultured 
macrophages in both conditions of growth and differentiation. 
Acteoside treatment also decreased the resorption activity of 
mature osteoclasts. These results suggest that acteoside suppresses 
osteoclastic formation from macrophages and osteoclast resorption 



activity. The results from our culture system, which did not include 
osteoblasts or stromal cells, also suggest that acteoside prevents 
osteoclast formation by directly acting on osteoclast precursors. 

RANKL activates MAPKs including p38, ERK, and JNK. 
These three kinases are involved in early osteclastic differentiation 
and thus their inhibition pharmacologically or with a dominant- 
negative JNK transfection suppresses RANKL-induced osteoclas- 
togenesis [29]. Our results revealed that acteoside pretreatment 
inhibited all these kinases, indicating a non-specific down- 
regulation of MAPKs. This result differed in part from previous 
report that EGCG, the major anti-inflammatory compound in 
green tee, specifically attenuated JNK activation without affecting 
ERK or p38 activation in RANKL-stimulated BMMs [7]. 
Paeonol, an anti-inflammatory compound derived from a Chinese 
herb, has also been reported to inhibit ERK and p38, but not 
JNK, phosphorylation in RANKL-stimulated RAW264.7 cells 
[30]. In contrast, silibinin, a novel inhibitor in bone, attenuated 
RANKL-induced activation of p38, ERK, and JNK [31]. These 
findings suggest that the effects of anti-resorptive compounds on 
MAPK activation by RANKL depend on the compound, though 
all three MAPKs are involved in early osteoclastogenesis. 
Considering the observation that acteoside attenuated p-JNK 
levels in RANKL-stimulated BMMs, even at 1 uM, the blockage 
of JNK rather than of p38 MAPK or ERK appeared to be more 
specific event in acteoside-mediated anti-osteoclastogenesis in the 
cells. Although acteoside at the same concentration did not reduce 
the number of osteoclasts in BMMs, there was a significant 
decrease in pit formation by acteoside treatment. We also found 
that pretreatment with SP600125, a pharmacological inhibitor 
specific to JNK, dramatically prevented the formation of 
osteoclasts (data not shown). Collectively, these findings suggest 
that JNK-mediated signaling is closely related to the acteoside- 
mediated suppression of osteoclastogenesis stimulated by RANKL. 

NF-kB signaling regulates cellular events, including apoptosis, 
cell-cycle progression, cell adhesion, cytokine production, and 
survival in macrophages [32]. NF-kB signaling is also required for 
osteoclast development, which has been demonstrated by the 
appearance of osteopetrosis in NF-KB-knockout mice [33,34]. 
Therefore, inhibiting NF-kB is proposed to be an effective target 
for anti-resorptive agents to down-regulate osteoclast activity and 
treat osteoporosis. Post-translational modification of NF-kB 
subfamily proteins is crucial in modulating NF-kB activity. 
Especially, phosphorylation of the p65 subunit and IkB kinase is 
critical for NF-kB to induce osteoclastogenesis [7]. Our present 
findings showed that RANKL stimulation increased DNA binding 
activity of NF-kB and phosphorylation of the p65 subunit and 
IkBoc in both BMMs and RAW264.7 cells. Pretreatment with 
acteoside inhibited these RANKL-induced increases, resulting in 
down-regulated NF-kB activity. Consequendy, these results 
suggest that, in addition to MAPKs, NF-kB signaling is the main 
target of acteoside in inhibiting osteoclast differentiation and 
formation from RANKL-stimulated macrophages. 

In addition to NF-kB signaling, the c-Fos/c-Jun/NFATcl 
pathway plays key roles in osteoclast development, thus the lack of 
any of these proteins can arrest osteoclastogenesis [35,36] . In this 
study, we found that acteoside prevented the RANKL-induced c- 
Fos and NFATcl expression at the mRNA and protein levels. 
JNK is an upstream kinase of c-Jun, which is required for NFATc 1 
expression and osteoclastogenesis in response to RANKL [29]. 
Blocking the JNK/ c-Jun pathway with a JNK inhibitor diminished 
RANKL-induced osteoclast formation and c-Fos and NFATcl 
expression [7]. Our results and previous findings suggest 
that inhibiting JNK-mediated signaling by acteoside is closely 
associated with preventing RANKL-mediated c-Fos and NFATc 1 
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Figure 9. Acteoside restores fracture maximum force of the right mid-shaft of the femur and inhibits trabecular bone loss in 
ovariectomized animals. At 1 day after the last acteoside treatment, the light femur of animals was collected and processed for various 
physiologic and morphometric analyses. A, Peak fracture force of mid-shaft of the femur was determined and expressed as 'N'. B, Cortical bone of 
right femur was observed by optic microscopy. CB, cortical bone. C, Micro-CT images of the proximal femur. D, BMD (g/cm 3 ), BV/TV (%), Tb.Th (|im), 
Tb.Sp (mm), and Tb.N (1/mm) were analyzed with micro-CT SkyScan CTAn software. Data are presented as mean ± SD (n = 8-10 mice/group). 
"p<0.01 and *"p<0.001 vs . Sham group. # p<0.05 vs. OVX group. 
doi:1 0.1 371 /journal.pone.0080873.g009 



expression, which suppresses osteoclast differentiation in macro- 
phages. Differences in the effects of acteoside on BMMs and 
RAW264.7 cells are at least in part due to differences in the 
sensitivity to JNK inhibition. 

TNF-ot can induce osteoclastogenesis independent of RANKL- 
RANK signaling [37]. IL-1 is a potent mediator of pathological 
bone destruction induced by estrogen deficiency or inflammation 
[7]. Disrupting the type I IL-1 receptor or IL-1 signaling can 
reverse bone loss induced by ovariectomy [38] or rheumatoid 
arthritis [39]. This study demonstrated the ability of acteoside to 
reduce production of inflammatory cytokines such as TNF-a, IL- 
1 (3, and IL-6 in macrophages. Acteoside is thought to inhibit 
inflammatory cytokine production by suppressing p38 kinase and 
ERK signaling, because activating ERK1/2, p38 MAPK, or both 
is required for lipopolysaccharide-induced production of these 
cytokines in macrophages [40,41]. Luteolin, an inflammatory 
compound, had also been reported to suppress the production of 
inflammatory mediators by inhibiting p38 MAPK activation [42]. 

In this study, we also found that acteoside attenuated bone loss 
in ovariectomized mice, as evidenced by the restored maximum 
fracture force at the mid shaft of the right femur and the 
disappearance of osteoporotic cortical bone. Oral acteoside 
administration down-regulated the ovariectomized-induced in- 
creases in serum IL-1 (3 and IL-6 levels, but not ALP. The 



increased serum levels of calcium, TRAP, and OC in OVX were 
also inhibited by oral treatment with acteoside, suggesting that 
acteoside attenuates alteration of biomarkers specific for bone 
formation as well as resorption. As osteoporosis is characterized by 
a reduced mass density and deteriorated trabecular bone 
microarchitecture, OVX-induced trabecular bone loss and mor- 
phometric parameter alteration were significandy inhibited by oral 
acteoside administration. These findings suggest that acteoside 
may be used as an anti-resorptive agent to treat osteoporosis by 
reversing imbalanced osteoclast activation. However, osteoblasts 
are the primary factor responsible for new bone formation. Thus 
an agent able to increase osteoblast proliferation or differentiation 
is needed to enhance bone formation [30]. In contrast, we found 
that acteoside did not affect osteoblast differentiation or mineral- 
ization in DAG-treated bone marrow cells. Taken together, our 
results suggest that acteoside has an anti-resorption effect but does 
not directly affect bone formation. More detailed experiments 
analyzing bone-specific parameters in vivo and in vitro are needed to 
clarify whether or not acteoside benefits osteoblastogenesis. 

The present study highlights the inhibitory effect of acteoside on 
osteoclast differentiation and bone resorption by suppressing 
MAPKs and several transcriptional factors such as NF-kB, c-Fos, 
and NFATc 1 . The data suggest two possible mechanisms by which 
acteoside has these benefits. One possibility is that acteoside 
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Figure 10. Acteoside does not affect osteohistogenesis of bone marrow cells. A, Bone marrow cells were pretreated with 10 |iM acteoside 
followed by treatment with DAG for 2 weeks and then stained with alizarin red. The dye absorbance (B) and calcium accumulation (C) were 
determined at the same time. D, After 2 days of DAG treatment, the mRNA levels of Runx2, osterix, BSP, and OC were measured by real-time RT-PCR. 
The results in panels B, C, and D was calculated from 3 independent experiments (n = 4 per experiment) and expressed as optical density or fold 
increase as compared to the controls without DAG or acteoside. 
doi:10.1371/journal.pone.0080873.g010 



inhibits osteoclastogenesis due to its antioxidant potential. 
Numerous studies have demonstrated that receptor-mediated 
ROS production may serve as a downstream signaling mediator 
[43-45]. A few kinases and transcription factors are sensitive to the 
cellular redox state, which affects various cellular events. RANKL 
stimulates ROS production, which mediates RANKL-induced 
cellular responses for osteoclast differentiation [24]. Pretreatment 
with antioxidants, such as jV-acetyl cysteine and glutathione, 
prevented RANKL-mediated ROS generation, indicating that 
antioxidants reduce bone loss by lowering RANKL-induced ROS 
production [24]. Consistent with these findings, the present study 
reveals that acteoside attenuates intracellular ROS produced in 
BMMs during osteoclast differentiation in a dose-dependent 
manner. This observation suggests that the inhibition of osteo- 
clastogenesis is at least in part due to the antioxidant potential of 
acteoside. We also suggest that acteoside might down-regulate 
Ca 2+ influx, thus suppressing osteoclastogenesis. Acteoside was 
recently reported to inhibit type I allergies by down-regulating 
Ca/NFAT and JNK signaling in basophilic cells [46]. The 
calcium-sensing receptor is closely related to the regulation of 
osteoclastogenesis [47]. This relationship suggests that a calcium 
channel is involved in acteoside-induced inhibition of osteoclast 
differentiation and formation. However, further studies are 
required to explore the exact mechanisms by which acteoside 
acts as an anti-resorptive agent through modulation of Ca + 
homeostasis. 

In conclusion, our present findings show that acteoside inhibits 
RANKL-induced osteoclast differentiation from BMMs and 
RAW264.7 macrophages and suppresses bone resorption by 
mature osteoclasts. Acteoside also prevents RANKL-induced 
activation of three well-known MAPKs and transcription factors 
such as NF-kB, c-Fos, and NFATcl, as well as the production of 



inflammatory cytokines such as TNF-Gf, IL-ip, and IL-6. In 
addition, oral administration of acteoside attenuates ovariectomy- 
induced osteoporosis, though it does not affect osteoblastogenesis 
from bone marrow cells. Collectively, these findings suggest that 
acteoside has beneficial roles in reducing the osteoclast formation 
and activity as a potent anti-resorptive agent. 

Supporting Information 

Figure SI Chemical structure of acteoside. 

(TIF) 

Figure S2 Acteoside prevents RANKL-induced pit for- 
mation in BMMs. A, BMMs were pretreated with the indicated 
doses of acteoside for 2 h in bone-coated 24-well plates and 
stimulated with 50 ng/ml M-CSF and 100 ng/ml RANKL for 7 
days. Pit formation was observed under optic microscopy. B, 
BMMs were cultured with M-CSF and RANKL in the presence of 
various acteoside concentrations (0-20 |xM), and 7 days later, the 
resorbed area was quantified from 3 independent experiments and 
expressed as percentage of control (tt — 4 per experiment). /><0.05, 
*><0.01, and ~><0.001 vs. cells cultured with M-CSF and 
RANKL. 
(TIF) 

Figure S3 Acteoside attenuates the production of in- 
flammatory cytokines in RANKL-stimulated RAW264.7 
cells. Cells were pretreated with the increasing concentrations (0— 
1 0 uM) of acteoside for 2 h followed by stimulation with 1 00 ng/ 
ml RANKL for 48 h. The levels of TNF-oc, IL-ip, and IL-6 were 
determined by using ELISA kits. /><0.001 vs. cells without 
RANKL and acteoside. # /><0.05 and **p<0.0\ vs. cells 
stimulated with RANKL only. 
(TIF) 



PLOS ONE | www.plosone.org 



11 



December 2013 | Volume 8 | Issue 12 | e80873 



Acteoside Inhibits Osteoclastogenesis 



Author Contributions Contributed reagents/materials/ analysis tools: S-YL SHY J-GL. 

Wrote the paper: S-YL SHYJ-CL. 

Conceived and designed the experiments: S-YL J-CL. Performed the 
experiments: S-YL K-SL S-HK SHY. Analyzed the data: K-SL S-YLJ- 



References 

1. Rho J, Takami M, Choi Y (2004) Ostcoimmunology: interactions of the immune 
and skeletal systems. Molecules and Cells 17: 1-9. 

2. Del Fattore A, Capannolo M, Rucci N (2010) Bone and bone marrow: the same 
organ. Archives of Biochemistry Biophysics 503: 28-34. 

3. Rachner TD, Khosla S, Hofbauer LC (201 1) Osteoporosis: now and the future. 
Lancet 377: 1276-1287. 

4. Sturge J, Caley MP, Waxman J (2011) Bone metastasis in prostate cancer: 
emerging therapeutic strategies. Nature Reviews Clinical Oncology 8: 357-368. 

5. Goltzman D (2002) Discoveries, drugs and skeletal disorders. Nature Reviews 
Drug Discovery 1: 784—796. 

6. Rodan GA, Martin TJ (2002) Therapeutic approaches to bone diseases. Science 
289: 1508-1514. 

7. Lec JH, Jin H, Shim HE, Kim HN, Ha H, et al. (2010) Epigallocatechin-3- 
gallate inhibits osteoclastogenesis by down-regulating c-Fos expression and 
suppressing the nuclear factor-kappaB signal. Molecular Pharmacology 77: 17- 
25. 

8. Kim HN, Lee JH, Jin WJ, Ko S, Jung K, et al. (2012) MS-275, a benzamide 
histone deacetylase inhibitor, prevents osteoclastogenesis by down-regulating 
c-Fos expression and suppresses bone loss in mice. European Journal of 
Pharmacology 691: 69-76. 

9. Kim T, Ha H, Shim KS, Cho WK, MaJY (2013) The anti-osteoporotic effect of 
Yijung-tang in an ovariectomized rat model mediated by inhibition of osteoclast 
differentiation. Journal of Ethnopharmacology 146: 83—89. 

10. Nakanishi A, Litsuka N, TsukamotoJ (2013) Fish oil suppresses bone resorption 
by inhibiting osteoclastogenesis through decreased expression of M-CSF, PU.l, 
MITF and RANK in ovariectomized rats. Molecular Medicine Reports 7: 
1896-1903. 

11. Bar-Shavit Z (2007) The osteoclast: a multinucleated, hematopoie tic-origin, 
bone-resorbing osteoimmune cell. Journal of Cellular Biochemistry 102: 1 130— 
1139. 

12. Takahashi N, Maeda K, Ishihara A, Uehara S, Kobayashi Y (201 1) Regulatory 
mechanism of osteoclastogenesis by RANKL and Wnt signals. Frontiers in 
Bioscience 16: 21-30. 

13. Jules J, Zhang P, Ashley JW, Wei S, Shi Z, et al. (2012) Molecular basis of 
requirement of receptor activator of nuclear factor KB signaling for intcrleukin 1 - 
mediated osteoclastogenesis. The Journal of Biological Chemistry 287: 15728- 
15738. 

14. Li C, Yang Z, Li Z, Ma Y, Zhang L, et al. (2011) Maslinic acid suppresses 
osteoclastogenesis and prevents ovariectomy- induced bone loss by regulating 
RANKL-mediated NF-kB and MAPK signaling pathways. Journal of Bone and 
Mineral Research 26: 644-656. 

15. Tomoda M, Miyamoto H, Shimizu N (1994) Structural features and anti- 
complementary activity of rchmannan SA, a polysaccharide from the root of 
Rehmanina gluttnosa. Chemical and Pharmaceutical Bulletin (Tokyo) 42: 1666- 
1668. 

16. Kim H, Lee E, Lec S, Shin T, Kim Y, et al. (1998) Effect of Rehmannia glutinosa on 
immediate type allergic reaction. International Journal of Immunopharmacol- 
ogy 20: 231-240. 

17. Schapoval EE, Vargas MR, Chaves CG, Bridi R, Zuanazzi JA, et al. (1998) 
Antiinflammatory and antinociceptive activities of extracts and isolated 
compounds from Stachytarpheta cayennensis. Journal of Ethnopharmacology 60: 
53-59. 

18. Xiong Q, Hase K, Tezuka Y, Tani T, Namba T, et al. (1998) Hepatoprotective 
activity of phenylethanoids from Cistanche deserticola. Planta Medica 64: 120-125. 

19. ChunJC, KimJC, Hwang IT, Kim SE (2002) Acteoside from Rehmannia glutinosa 
nullifies paraquat activity in Cucumis sativus. Pesticide Biochemistry and 
Physiology 72: 153-159. 

20. Kim SS, Son YO, ChunJC, Kim SE, Chung OH, et al. (2005) Antioxidant 
property of an active component purified from the leaves of paraquat-tolerant 
Rehmannia glutinosa. Redox Report 10: 311—318. 

21. Son YO, Lee SA, Kim SS, Jang YS, ChunJC, et al. (201 1) Acteoside inhibits 
melanogenesis in B16F10 cells through ERK activation and tyrosinase down- 
regulation. Thejournal of Pharmacy and Pharmacology 63: 1309-1319. 

22. Yu JY, Lee SY, Son YO, Shi X, Park SS, et al. (2012) Continuous presence of 
H 2 0 2 induces mitochondrial-mcdiatcd, MAPK- and caspase-independent 
growth inhibition and cytotoxicity in human gingival fibroblasts. Toxicology 
In Vitro 26: 561-570. 

23. Lu J, Yu JY, Lim SS, Son YO, Kim DH, et al. (20 1 3) Cellular mechanisms of the 
cytotoxic effects of the zearalenone metabolites Ot-zearalcnol and p-zcaralcnol on 
RAW264.7 macrophages. Toxicology In Vitro 27: 1007-1017. 



24. Ha H, Kwak HB, Lee SW, Jin HM, Kim HM, et al. (2004) Reactive oxygen 
species mediate RANK signaling in osteoclasts. Experimental Cell Research 
301: 1 19-127. 

25. Cho ES, Kim MK, Son YO, Lee KS, Park SM, et al. (2012) The effects of 
rosiglitazone on osteoblastic differentiation, osteoclast formation and bone 
resorption. Molecules and Cells 33: 173—181. 

26. Son YO, Jang YS, Heo JS, Chung WT, Choi KC, et al. (2009) Apoptosis- 
inducing factor plays a critical role in caspase-independent, pyknotic cell death 
in hydrogen peroxide-exposed cells. Apoptosis 14: 796—808. 

27. Kook SH, Jeon YM, Park S, Lee JC (2013) Periodontal fibroblasts modulate 
proliferation and osteogenic differentiation of embryonic stem cells through 
production of fibroblast growth factors. Journal of Pcriodontology In Press 

28. Qi W, Yan YB, Lei W, Wu ZX, Zhang Y, et al. (2012) Prevention of disuse 
osteoporosis in rats by Cordyceps sinensis extact. Osteoporosis International 23: 
2347-2357. 

29. Bceda F, Nishimura R, Matsubara T, Tanaka S, Inoue J, et al. (2004) Critical 
roles of c-Jun signaling in regulation of NFAT family and RANKL- regulated 
osteoclast differentiation. Thejournal of Clinical Investigation 114: 475—484. 

30. Tsai HY, Lin HY, Fong YC, Wu JB, Chen YF, et al. (2008) Paeonol inhibits 
RANKL-induced osteoclastogenesis by inhibiting ERK, p38 and NF-kappaB 
pathway. European Journal of Pharmacology 588: 124-133. 

31. KimJH, Kim K, Jin HM, Song I, Youn BU, ct al. (2009) Silibinin inhibits 
osteoclast differentiation mediated by TNF family members. Molecules and 
Cells 28: 201-207. 

32. NapetschnigJ, Wu H (2013) Molecular basis ofNF-KB signaling. Annual Review 
of Biophysics 42: 443-468. 

33. Franzoso G, Carlson L, Xing L, Poljak L, Shores EW, ct al. (1997) Requirement 
for NF-kappaB in osteoclast and B-cell development. Genes and Development 
11:3482-3496. 

34. Iotsova V, Caamano J, LoyJ, Yang Y, Lcwin A, ct al. (1997) Osteopetrosis in 
mice lacking NF-kappaBl and NF-kappaB2. Nature Medicine 3: 1285-1289. 

35. Teitclbaum SL (2004) RANKing c-Jun in osteoclast development. Thejournal 
of Clinical Investigation 114: 463^-65. 

36. Takayanagi H (2005) Mechanistic insight into osteoclast differentiation in 
osteoimmunology. Journal of Molecular Medicine (Berl) 83: 170—179. 

37. Cho ES, Lee KS, Son YO, Jang YS, Lee SY, et al. (2010) Compressive 
mechanical force augments osteoclastogenesis by bone marrow macrophages 
through activation of c-Fms-mcdiatcd signaling. Journal of Cellular Biochem- 
istry 111: 1260-1269. 

38. Lorenzo JA, Naprta A, Rao Y, Alander C, Glaccum M, et al. (1998) Mice 
lacking the type I intcrleukin- 1 receptor do not lose bone mass after ovariectomy. 
Endocrinology 139: 3022-3025. 

39. Abramson SB, Amin A (2002) Blocking the effects of IL-1 in rheumatoid arthritis 
protects bone and cartilage. Rheumatology (Oxford) 41: 972-980. 

40. HwangJM, Yu JY, Jang YO, Kim BT, Hwang KJ, ct al. (2010) A phenolic acid 
phenethyl urea compound inhibits lipopoly saccharide -induced production of 
nitric oxide and pro-inflammatory cytokines in cell culture. International 
Immunopharmacology 10: 526-532. 

41. Fang M, Lee SY, Park SM, Choi KC, Lec YJ, et al. (201 1) Anti-inflammatory 
potential ofPhaseolus cakaratus Roxburgh, a oriental medicine, on LPS-stimulated 
RAW 264.7 macrophages. The Journal of Pharmacy and Pharmacology 63: 
120-128. 

42. Lee JW, AhnJY, Hasegawa S, Cha BY, Yonczawa T, ct al. (2009) Inhibitory 
effect of luteolin on osteoclast differentiation and function. Cy to technology 61: 
125-134. 

43. Coscntino-Gomes D, Rocco-Machado N, Meyer-Fernandes JR (2012) Cell 
signaling through protein kinase C oxidation and activation. International of 
Journal Molecular Sciences 13: 10697-10721. 

44. Lec JC, Son YO, Pratheeshkumar P, Shi X (2012) Oxidative stress and metal 
carcinogenesis. Free Radical Biology and Medicine 53: 742-757. 

45. Nguyen Ngoc TD, Son YO, Lim SS, Shi X, Kim JG, ct al. (2012) Sodium 
fluoride induces apoptosis in mouse embryonic stem cells through ROS- 
dependent and easpasc- and JNK-mediatcd pathways. Toxicology and Applied 
Pharmacology 259: 329-337. 

46. Motojima H, Villarcal MO, Iijima R, Han J, Isoda H (2013) Acteoside inhibits 
type I allergy through the down-regulation of Ca/NFAT and JNK MAPK 
signaling pathways in basophilic cells. Journal of Natural Medicines In Press 

47. Caudrillier A, Hurtel-Lemaire AS, Wattel A, Cournarie F, Godin C, et al. (2010) 
Strontium ranelate decreases receptor activator of nuclear factor-KB ligand- 
induccd osteoclastic differentiation in vitro: involvement of the calcium-sensing 
receptor. Molecular Pharmacolology 78: 569-576. 



PLOS ONE | www.plosone.org 



12 



December 2013 | Volume 8 | Issue 12 | e80873 



